Objective: To examine the effect of a low phenol olive oil and high phenol olive oil on markers of oxidation and plasma susceptibility to oxidation in normolipaemic smokers. Design: Randomized single-blind cross-over trial with two intervention periods. Setting: The Medical School and University Hospital of the University of Crete, Heraklion, Crete, Greece. Subjects: Twenty-five healthy males and females completed the study. Interventions: Each intervention was of three weeks duration and intervention periods were separated by a two week washout. Seventy grams of extra virgin olive oil was supplied to each subject per day in the intervention periods. The olive oils supplied differed in their phenol content by 18.6 mg=day. Two fasting venous blood samples were taken at the end of each intervention period. Results: The markers of antioxidant capacity measured in fasting plasma samples (total plasma resistance to oxidation, concentrations of protein carbonyl as a marker of protein oxidation, malondialdehyde and lipid hydroperoxides as markers of lipid oxidation and the ferric reducing ability of plasma) did not differ significantly between the low and high phenol olive oil diets. Conclusions: No effect of olive oil phenols on markers of oxidation in smokers was detected. It may be that the natural concentrations of phenols in olive oil are too low to produce an effect in the post-absorptive phase. Possible reasons for period effects and interactions between diet and administration period need attention to aid further cross-over trials of this kind.
Introduction
It is the classical Mediterranean diet which has been found to be associated with a reduced incidence of coronary artery disease (Serra-Majem et al, 1995; Keys et al, 1986) . It has been suggested that a diet rich in monounsaturated fatty acids such as those from olive oil lowers the risk of coronary heart disease by decreasing cholesterol levels, if compared with saturated fatty acids, and by producing oleic acid enriched LDL particles, which are more resistant to oxidative modification (Bonanome et al, 1992; Reaven et al, 1991; Aviram & Elias, 1993 as cited in Vissers et al, 2001b) . In addition to oleic acid, however, some types of extra virgin olive oil contain phenols with antioxidative properties. The major dietary sources of phenolic antioxidants are tea, fruit and vegetables, grape skins and extra virgin olive oil. Phenols from tea and fruit, however, are water-soluble, whereas those from olive oil are partly lipid-soluble. It has been shown in animal studies that phenols from olive oil are able to protect LDL from oxidation and there is an indication that olive oil phenols accumulate within LDL (Wiseman et al, 1996; Scaccini et al, 1992) . Lipid-soluble phenols may be taken up by LDL particles in humans, where they can protect the particles from oxidation and thus inhibit the oxidation of LDL.
In Greece, as in other Mediterranean countries, the main source of dietary fat is olive oil (Mamalakis & Kafatos, 2001) . Smokers are believed to have more oxidative stress than nonsmokers, ie oxidative damage either due to the endogenous production of reactive oxygen species by mitochondria or due to a decrease in antioxidant levels. Therefore, it is thought that antioxidants may have a greater effect in smokers (Hulea et al, 1995; MacNee, 2000; Zhou et al, 2000) . The aim of the present study was to determine whether dietary consumption of phenols from virgin olive oil affects markers of oxidation and plasma susceptibility to oxidation in normolipaemic subjects who are smokers and live in the Mediterranean region of Crete, Greece.
Methods

Subjects
Participants in the trial were recruited from the medical student population and from employees at the Medical School of the University of Crete. The study began with a screening procedure for suitable candidates, during which questions were asked of potential study subjects either by telephone or direct interview. Subsequently, blood samples were taken. Exclusion criteria were total plasma cholesterol > 7.0 mmol=l, plasma fasting triglycerides > 2.3 mmol=l, serum values of liver enzymes > 54 U=l for alanine aminotransferase (ALT) or > 30 U=l for aspartate aminotransferase (AST), use of medication known to affect concentrations of serum lipids, being pregnant or lactating and being on a prescribed diet. Those with a known history of gastrointestinal, liver or kidney disease were also excluded, as were those with glucosuria, proteinuria and anaemia. A mandatory inclusion criterion was that the subjects be smokers, ie smoke more than one cigarette every day of the week. The screening process continued until 28 healthy volunteers had been recruited. A physician independently reviewed the completed medical questionnaire. Written informed consent was obtained from the subjects.
Three male subjects (aged 21, 22 and 30 y) dropped out for personal reasons unconnected to the study (two at the start of the second week of the first period and the third during the third week in the first period) and their data have not been included in the following analysis. The baseline characteristics of subjects completing the study are provided in Table 1 . Baseline dietary data were obtained using a modified 28 day dietary history containing a checklist of 84 common Greek foods.
Study design
The cross-over study was single-blind and randomized, consisting of two 3-week treatment periods. Prior to the first treatment period, there was a run-in period of 2 weeks. The two treatment periods were separated by a washout of 2 weeks. During the run-in and washout periods, subjects were requested to consume diets without olives and olive oil products. At the end of the pre-experimental period (just prior to the run-in period), a one-month modified dietary history questionnaire was used to estimate the energy intake of individual subjects. Stratification by age and sex was used in the allocation of subjects to each dietary group. The study protocol was approved by the Medical Ethics Committee of the University of Crete Medical School. An outline of the study design is provided in Figure 1 .
Diet, instruction and compliance
The olive oils given to the subjects were Koroneiki extra virgin olive oil (phenol content 43 mg=kg) and Tsounati olive oil (phenol content 308 mg=kg). The phenol concentration was determined as described by Montedoro et al (1993) . The percentages of the various phenols in the two oils were as follows: the high phenol oil contained 2% tyrosol, 1% hydroxytyrosol, 72% oleuropein-aglcones and 25% ligstroside-aglycones, whereas the corresponding percentages for the low phenol oil were 16, 2, 13 and 69%, respectively. Vitamin E was added to the high phenol oil so that the oils had the same vitamin E content (232 mg=kg). The subjects consumed 70 g of olive oil per day, ie 21.6 mg=day of phenols vs 3.0 mg=day of phenols for the high and low phenol oils, respectively. The olive oil was poured over the food consumed, 35 g at each of two meals. The subjects were blind to the type of oil they were given. On weekdays, meals were eaten under supervision at the University Hospital. On Fridays, the subjects were given the olive oil they had to consume during the weekend, with detailed instructions as to how the food should be prepared without oil.
Subjects were requested to maintain their usual food, drink and smoking habits as far as possible during the Markers of oxidation in smokers on high and low olive oil phenol diets J Moschandreas et al study. They were asked not to take vitamin supplements or aspirin, the latter being a radical scavenger. They were requested not to consume olives and other oil-containing products at any point during the study. In daily diaries, subjects recorded lapses of compliance with the protocol in addition to any signs of illness, medications taken, alcohol and foods eaten other than those provided.
Blood sampling and analysis
Two venous blood samples (about 40 ml) were taken at the end of each intervention period, after an overnight fast (on days 18 and 21). The various markers of oxidation in plasma were total plasma resistance to oxidation, concentrations of protein carbonyl as a marker of protein oxidation, malondialdehyde and lipid hydroperoxides as markers of lipid oxidation, and FRAP (ferric reducing ability of plasma) as a marker of the antioxidant capacity in plasma. Serum vitamin concentrations and plasma uric acid were also measured. The susceptibility of total plasma to copper-mediated oxidation was determined by monitoring the formation of conjugated dienes (Princen et al, 1992) . Malondialdehyde in plasma was determined as described by Wong et al (1987) with minor modifications (for further details see Vissers et al, 2001b) . Lipid hydroperoxides in plasma were determined by the K-Assay LPO-CC kit (Kamiya Biomedical Co, Seattle, WA, USA) and an ELISA method was used in determining protein carbonyls (Buss et al, 1997) . FRAP was determined using the Benzie and Strain method (Benzie & Strain, 1996) . Vitamin concentrations in the serum were determined by high performance liquid chromatography (HPLC, Waters Instruments, Milfort, USA); for further details see Vissers et al (2001b) . Plasma uric acid was determined using the UA plus kit (Boehringer, Mannheim, Germany).
Anthropometric measurements
At the end of the run-in period, the height and weight of the subjects were measured. Weight was also recorded at lunchtimes twice a week during the experimental periods to check stability of body weight during the study. Body mass index (BMI) was calculated as body weight divided by height squared (kg=m 2 ).
Statistical analysis
The study had 80% power (with n ¼ 12 in each arm) to demonstrate a difference of 10% in lag time of LDL oxidation. An estimated standard deviation of 13.5% for the mean difference in lag time between the two olive oils was used in sample size calculations (Snedecor & Cochran, 1989) . There was no evidence of major skewness in the distributions of the variables under consideration. Standard tests for two period cross-over trials were applied (Armitage & Berry, 1987; Pocock, 1983; Hills & Armitage, 1979) . Two-sample t-tests were applied to assess the following effects, for each of the biochemical variables: (a) treatment effects; (b) period (time) effects, and (c) treatment -period interaction effects. In each case a pooled estimate of variance was used. Further statistical details of the estimates of effects can be found in the footnote to Table 2 . Markers of oxidation in smokers on high and low olive oil phenol diets J Moschandreas et al
Results
The average lag time of copper-induced formation of conjugated dienes in total plasma was 0.83 mins longer after the high phenol diet (95% CI 7 6.5 to 8.1 min), as can be seen in Table 2 . The average maximum rate of diene formation was equal after both treatments. In neither case, was there any statistical evidence of a dietary phenol effect. There was also no effect on the other markers of oxidation: the observed concentrations of malondialdehyde and lipid hydroperoxides in the plasma were on average 0.03 and 0.24 mmol=l lower after the high phenol diet, but again these differences were not statistically significant (with 95% CIs 7 0.06, 0.01 and 7 0.61, 0.13 mmol=l, respectively, see Table 2 ). Both FRAP and protein carbonyls displayed an average zero difference in concentration between high and low phenol diets.
For six of the 11 biochemical variables considered (results presented in Tables 2 and 3) there was evidence of a time trend (ie a period effect) between periods of intervention. The period effects were greatest in the vitamin concentrations but these measurements were not considered to be part of the intervention, as they were determined mainly as a check of equality between the two diets (see Table 3 ). The body weights of the individuals remained stable over the entire period of the study: the mean weight in the first period was 70.9 (s.d. 13.3) kg and in the second period 71.0 (s.d. 13.0) kg, the weight of each individual being averaged over the six measurements in each period. The difference in weight between the two periods ranged from 7 2.7 to maximum 1.5 kg. Values are means AE s.d. All participants (n ¼ 25) were included in the analysis. They consumed both diets in random order for 3 weeks each. a n ¼ 21; three group A subjects and one group B subject had a missing value and were omitted. b n ¼ 24; one group A subject had a missing value and was omitted.
c Very strong evidence of a period effect, P < 0.001, no evidence of a dietary oil effect. d Some evidence of a period effect, P < 0.05, no evidence of a dietary oil effect.
e Strong evidence of a period effect, P < 0.01, no evidence of a dietary oil effect.
NS
No evidence of either a dietary oil or a period effect. Values are means AE s.d. All participants (n ¼ 25) were included in the analysis. They consumed both diets in random order for 3 weeks each. a n ¼ 24; one group A subject had a missing value. b Some evidence of a period effect, P < 0.05, no evidence of a dietary oil effect.
c Some evidence of an interaction between dietary oil and period, P < 0.05.
No evidence of either a dietary oil or a period effect. Within-subject comparisons were performed of differences in effects of high phenol vs low phenol diets: measurement after high phenol oil minus measurement after low phenol oil, taking account of the order of administration in the analyses (by using an average of the differences in each group rather than the mean overall difference in calculating the test statistic). Column 4: dietary oil effect is estimated by 0:5ðd A þ d B Þ where d A represents the mean difference in values between period I and period II for subjects in group A and d B represents the mean difference in values between period II and period I for subjects in group B. Column 5: the period effect is estimated by 0:5ðd A À d B Þ. The interaction test is based on the difference m A À m B where m A represents the mean value of the sum of values (over the two periods) of each individual in group A and similarly for m B . As the test for interaction is based on between-subjects comparisons, it is not very sensitive and in this (relatively small) trial it may be that an interaction has failed to be detected.
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Discussion
Overall, the results of the present study do not provide any evidence that in vitro plasma susceptibility to oxidation and other markers of oxidation may be reduced by consumption of a diet rich in phenols from olive oil for 3 weeks, compared with a low-phenol diet. Markers of antioxidant status were found to be at similar levels, in the main, in a study performed in parallel to the present study at the University of Wageningen, The Netherlands, using the same olive oils as given in the present study with 46 non-smoking participants. With respect to study design, there were only three main differences between the Cretan and Dutch studies. Firstly, in the Dutch study, olive oil intake was adjusted for body weight and ranged from 55 to 102 g per day (with mean 69 g=day). Secondly, the Dutch subjects were instructed for the entire study period to have a background diet low in vitamin E (because of its antioxidant activity). Thirdly, in the Dutch study, oil was incorporated in sauces, mayonnaise, raisin rolls and cookies while in the Cretan study olive oil was poured over the meals. The findings of the Dutch study have been published separately (Vissers et al, 2001b) . The only substantial difference found in the common measurements of the two studies was the average lipid hydroperoxide levels in the low phenol diet, which were 0.36 (s.d. 0.52) mmol=l in the Dutch study as compared with 0.71 (s.d. 0.87) mmol=l in the present study. The Dutch study also investigated oxidizability of HDL and LDL separately, but found no significant differences between low and high phenol olive oils (Vissers et al, 2001b) .
The findings of the Cretan and Dutch studies tie in with two other human studies addressing the effect of minor components in olive oil on the susceptibility of LDL to oxidation in fasting blood (Nicolaïew et al, 1998; Bonanome et al, 2000) . One reason for the lack of significant differences between the two diets might be that neither study addressed postprandial effects, as the testing was of bloods following an overnight fast. If the clearance of phenols from plasma is fast, as indicated by the findings of Visioli et al (2000) , phenol concentrations may fall to levels too low to be detected after 12 h. However, a further recent study found that olive oil phenols did also not decrease the susceptibility of LDL to oxidation in postprandial samples if compared with a control group (Vissers et al, 2001a) . Another explanation is that higher quantities of olive oil phenols may be necessary to detect a significant result, something that would be very difficult to impose on human subjects (Vissers et al, 2001b) . The mean difference in phenol intake between the two diets was approximately 19 mg=day, which may not be a large enough difference for effects to be detected. The natural concentration of phenols in olive oil might be too low to produce an effect on markers of oxidation in the postabsorptive phase (Vissers et al, 2001b) . Also, the background diet of the Cretan population is such that the intake of phenols from olive oil is already relatively high compared to intakes in non-Mediterranean countries, and the amount of antioxidants contained may be too high to allow for additional antioxidant effects to occur.
In our study it was not possible to establish the effectivity of the run-in and wash-out periods, as fat sources other than olives and oil-containing products were not controlled for in these periods. However, there was no a priori reason to believe that the within-subject sources of fat intake differed between run-in and wash-out periods. Also, no differences were evident from the foods that the subjects recorded in their daily diaries. Blood was not collected after the wash-out period because the design of the study was such that it was not necessary to take baseline measurements before the start of the second period and taking such measurements would have resulted in a loss of power. Another point to consider is that the estimates obtained were, in some cases, found to differ significantly between experimental periods. Possible reasons for this period effect need to be examined in more detail. From Table 1 it can be seen that the baseline characteristics of the two groups were similar (no evidence was found of a difference between the two groups for any variable, using the non-parametric Mann -Whitney test). As the external environment did not change (meals provided at the hospital, weights measured twice a week etc), it may be that during the washout period the subjects may have unknowingly consumed foods that affected the results in the second period. This explanation seems somewhat unlikely, however, as the blood samples were taken at the end of the experimental period so the markers would need to be affected after 3 weeks for the explanation to be valid.
It should be noted that, as the trial was relatively small in size, the treatment-period interaction test may not be very sensitive. In general, when an interaction is found in crossover studies, the best policy is to leave the within-patient analysis and confine the analysis to the first period using a two-sample t-test (Pocock, 1983) . Using only data from the first period is, however, less precise than the full cross-over approach as it is subject to between-subject variation. For the plasma lipid hydroperoxide measurements in which evidence of an interaction was detected, the single-period approach was taken (using the Mann -Whitney test), but no evidence of significant diet differences were found.
It is only within the last few years that studies have focused on the antioxidant properties of olive oil in humans. Although no statistically significant findings resulted from the present study, the authors believe that these findings should be presented and discussed to aid further studies in taking account of possible limiting factors which were not known a priori to affect outcome in this relatively uninvestigated area of human research. The present study does not provide definitive evidence that the phenol content of olive oils does not have an effect on oxidation resistance in humans, but rather that no evidence is provided of such an effect under the conditions of the study.
